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ABSTRACT 

Single-stranded DNA (ssDNA) binding protein (SSB) 
is an essential protein to protect ssDNA and recruit 
specific ssDNA-processing proteins. Escherichia 
coii SSB forms a tetramer at neutral pH, comprising 
a structurally well-defined ssDNA binding domain 
(OB-domain) and a disordered C-terminal domain 
(C-domain) of ~64 amino acid residues. The C- 
terminal eight-residue segment of SSB (C-peptide) 
has been shown to interact with the OB-domain, 
but crystal structures failed to reveal any electron 
density of the C-peptide. Here we show that SSB 
forms a monomer at pH 3.4, which is suitable for 
studies by high-resolution nuclear magnetic reson- 
ance (NMR) spectroscopy. The OB-domain retains 
its 3D structure in the monomer, and the C-peptide 
is shown by nuclear Overhauser effects and lanthan- 
ide-induced pseudocontact shifts to bind to the OB- 
domain at a site that harbors ssDNA in the crystal 
structure of the SSB-ssDNA complex. relaxation 
data demonstrate high flexibility of the polypeptide 
segment linking the C-peptide to the OB-domain and 
somewhat increased flexibility of the C-peptide 
compared with the OB-domain, suggesting that the 
C-peptide either retains high mobility in the bound 
state or is in a fast equilibrium with an unbound state. 

INTRODUCTION 

Single-stranded DNA (ssDNA) binding protein (SSB) is a 
key component in DNA replication, recombination and 



repair (1,2), protecting ssDNA from endonucleases and re- 
conibinases and preventing its reannealing (1), and forming 
a protein interaction hub that recruits ssDNA processing 
enzymes (3-7). The critical importance of SSB is high- 
hghted by functional conservation across all kingdoms of 
Hfe (1,3,8). SSB from Escherichia coii is the most thor- 
oughly studied prokaryotic SSB. The protein functions as 
a tetramer, where tetramerization is mediated by a struc- 
turally well-defined oligonucleotide-binding domain (OB- 
domain) that is followed by a disordered polypeptide 
segment of ~64 residues (C-domain) (2). 

The crystal structure of a complex of C-terniinally 
truncated E. coii SSB (residues 1-135) with ssDNA 
shows that ssDNA wraps around the SSB tetramer by 
binding to the OB-domains, but no electron density was 
observed for residues in the C-domain beyond ArgllS 
(Figure 1) (9). Crystal structures determined of tetrameric 
SSBs from different organisms confirm the structural 
disorder of the C-domain, i.e. it is either conformationally 
variable or unobservable (9-14). Nonetheless, the C- 
domain is known to play an important biological role by 
mediating the interactions with all other proteins that have 
been identified to bind to SSB (3). More specifically, SSBs 
associate with the C-terminal eight residues of E. coii SSB 
(DFDDDIPF) (3), which are highly conserved in the 
amino acid sequences of bacterial SSBs (15). In the fol- 
lowing, we refer to this highly negatively charged peptide 
as the 'C-peptide'. 

Biochemical experiments with C-terminally truncated 
E. coii SSB accumulated strong evidence that the 
C-peptide binds to the OB-domain in competition with 
ssDNA (16-19). Competition between the C-domain of 
a distantly related phage SSB and ssDNA for binding to 
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Figure 1. Crystal structure of the OB-domain tetramer of E. coli SSB 
in complex with ssDNA (PDB code lEYG) (9). The four SSB 
monomers in the tetramer are shown in different colors. The backbones 
of the two (dC)35 molecules in the structure are traced by orange lines. 
Red spheres mark the C-termini of the four OB-domains (carbonyl 
carbon of Leull2). The length of each 35-mer is ~75A, i.e. shorter 
than the average end-to-end distance of a random-coil peptide chain 
with 64 residues as in the C-domain (>90A). 



an OB-domain has also been demonstrated for the phage 
T7 gene 2.5 protein (gp2.5), a homodimeric SSB homolog 
(20). This leads to a model in which, by displacing the C- 
peptide from the OB-domain, the binding of ssDNA 
would make the C-peptide available for binding to 
ssDNA processing enzymes. 

At present, no structural details about the binding of 
the flexible C-domain to the OB-domain are known for 
any SSB protein. In particular, the study of gp2.5 involved 
chemical cross-hnking and nuclear magnetic resonance 
(NMR) chemical shift mapping, but no specific cross- 
links were identified and no NMR resonance assignments 
estabhshed (20). To learn more about the C-domain-OB- 
doniain interactions in E. coli SSB, we applied high-reso- 
lution NMR spectroscopy to isotope-labeled fuU-length 
SSB. Owing to limited solubiHty and a high molecular 
weight (75 kDa), the SSB tetramer is difficult to study by 
solution NMR spectroscopy. Serendipitously, however, 
we discovered that SSB is monomeric and highly soluble 
at acidic pH, aUowing sequence-specific resonance assign- 
ments, the analysis of NOESY spectra and structure 
calculations. Our results identify the binding site of the 
C-peptide on the OB-domain and show that most of the 
C-domain is highly flexible. 

MATERIALS AND METHODS 

Protein expression and purification 

The phage lambda promoter plasmid pND72 (19) was 
used for the overexpression of wild-type SSB at 42°C. 
The SSB E65C/E69D mutant was constructed by follow- 
ing the QuikChange protocol (Stratagene), with pND72 as 
template and oligonucleotides 694: 5'-TTCGGCAAACT 
GGCA TGT GTGGCGAGC GAT TATCTGCGTAAAG 
GT (mutated codons underhned) and its complement, 695. 
The sequence of the mutated gene in the new plasmid 
pYW1666 was confirmed by nucleotide sequence 
determination using vector primers 9 and 10 (21). 



'^N- and '^^N/'^'C-labeled SSB and SSB E65C/E69D 
were purified as described (19), using cultures of E. coli 
BL21(lDE3)rec^ (22) containing pND72 or pYW 16666 
grown in M9 minimal medium with '^NH4C1 (and '"'C- 
glucose) (Cambridge Isotope Laboratories) as the sole 
source of nitrogen (and carbon). 

SSB samples were dialyzed against 0.4 niM HCl. When 
necessary, the pH was adjusted to 3.4 with HCl prior to 
NMR measurements. Deuterium oxide (D2O) was added 
to aU samples to a final concentration of 10% (v/v) before 
the NMR measurements, except for samples prepared in 
100% D2O, where the solvent was exchanged by lyophil- 
ization of SSB and by redissolving it in D2O. 
Concentrations of SSB (expressed as subunits) were 
determined spectrophotonietrically (19). SSB sequences 
are numbered as residues Alal-Phel77. 

The single-cysteiiie SSB mutant E65C/E69D was 
prepared for site-specific attachment of an IDA-SH tag 
(23). This tag immobilizes a lanthanide(III) ion by add- 
itional coordination to an aspartate side chain positioned 
four residues further toward the C-terminus (24). 
However, in the case of SSB at low pH, the attachment 
of the IDA-SH tag resulted in protein precipitation. 
Therefore, we resorted to the CI lanthanide tag (25). CI 
tags loaded with diamagnetic Y^"^, paramagnetic Tb"*^ or 
Tm"*^ were successfully attached by overnight incubation 
at 4°C. The reaction yields were almost quantitative 
with the Cl-Y and Cl-Tb tags and -85% with the Cl- 
Tm tag. 

NMR spectroscopy 

All NMR measurements were conducted at pH 3.4 and 
25°C. Experiments to assign the resonances of SSB 
used a Bruker 800 MHz NMR spectrometer equipped 
with a TCI cryoprobe. Backbone resonance assignments 
were obtained from the analysis of 3D HNCACB, 
CBCA(CO)NH, HNCA, HNCO, HN(CA)CO and 
HN(CO)CA spectra using a 0.37 mM sample of uniformly 
'^N/'^^C-labeled SSB. Side chain resonances were assigned 
using H(CCCO)NH-TOCSY, (H)CC(CO)NH-TOCSY 
(26) and HC(C)H-TOCSY, (H)CCH-TOCSY (27) and 
NOESY- '^'C-HSQC spectra. The same sample was used 
to record a 2D (H)CB(CGCC-TOCSY)H" spectrum (28) 
to assist in the assignment of the side chains of phenylalan- 
ine residues. A 3D NOESY- '^N-HSQC spectrum was 
recorded of a 0.5 mM solution of '^N-labeled SSB. The 
2D NOESY and TOCSY spectra used a 0.33 mM sample 
in D2O. All NOESY spectra used a mixing time of 120 ms. 
'^N relaxation data were recorded on a Bruker 600 MHz 
NMR spectrometer, using standard pulse sequences (29) 
and a 0.35 niM solution of '^N-SSB. The relaxation 
delays were 17, 34, 51, 68, 85, 102, 119 and 136 ms in the 
R2 experiment and 10, 20, 40, 80, 160, 320, 640, 1280 and 
2560 ms in the Rx experiment. The Xcp delay between the 
71 pulses of the Carr-Purcell-Meiboom-Gill (CPMG) 
sequence was 900 |.is. The relaxation data were fit using 
the program CCPNMR Analysis (30). Pseudocontact 
shifts (PCSs) were measured as the 'H chemical shifts 
observed in '^N-HSQC spectra of 0.2 niM samples tagged 
with paramagnetic lanthanides (Tm^^^, Tb^^) minus the 
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corresponding chemical shifts observed for the diamag- 
netic reference (Y^^). The PCS data were recorded using 
the 800 MHz NMR spectrometer. 

Evaluation of PCSs 

PCSs were evaluated only for 'H spins to minimize 
residual anisotropic chemical shifts that can be associated 
with the chemical shifts of heteronuclei with large 
chemical shift anisotropics (31). The program Numbat 
(32) was used to fit magnetic susceptibility anisotropy 
(Ax) tensors to the crystal structure of the OB-domain 
[Protein Data Bank (PDB) code lEYG] for minimal devi- 
ations between experimental and back-calculated PCSs. 
The equation 

PCS 1 3 

A^ = — 3[Ax.x(3cos-0— 1)+- Axrh sin^0cos2^] 

(1) 

was used to calculate the PCSs (measured in ppm), where 
^Xax and Axi-h denote the axial and rhombic components 
of the A/ tensor, respectively, and r, 0 and (\) are the 
polar coordinates of the nuclear spin with respect to the 
principal axes of the A/ tensor. 

Structure calculations 

The program PCS-Rosetta (33) was used to calculate full- 
length monomeric SSB models consistent with the 
experimental data. Rosetta 9- and 3-residue fragment 
libraries were generated usmg the Robetta server (34). 
The fragments were used in PCS-Rosetta low-resolution 
folding simulations to compute 2500 backbone-only 
models where the OB-domain (residues 2-111) was kept 
rigid while the structure of the C-domain was optimized, 
simultaneously using the PCSs and nuclear Overhauser 
effects (NOE) of the C-terminal residues (loosely mapped 
to the backbone). The lanthanide ion was initially placed at 
the C'^ atom of the tag hgation site and its pos- 
ition was dynamically optimized during the folding 
simulation, using the strategy implemented in PCS- 
Rosetta (33). 

The 500 models with lowest scores were chosen for 
computationally expensive Rosetta aU-atom refinement, 
carrying out five independent ah-atom refinements for 
each backbone-only model. Final models were filtered 
to satisfy NOE distance restraints (<4A) and sorted by 
PCS score. 



RESULTS 

NMR resonance assignments 

Complete resonance assignments were obtained for the 
backbone resonances except for the proline residues and 
residues 45, 52, 128 and 173. In addition, most of the 
side chain resonances were assigned. Figure 2 shows the 
'^N-HSQC spectrum with assignments. 



Structural integrity of the SSB monomer and binding site 
of the C-peptide 

The chemical shift dispersion observed in the '^N-HSQC 
spectrum indicates that most of the protein assumes a 
defined 3D structure. To assess the structural integrity 
of the monomer relative to its structure in the tetramer, 
we used the coordinates of the OB-domain in the crystal 
structure of the tetramer (PDB code lEYG) to identify 
intramolecular short 'H-'H distances expected to 
produce long-range NOEs with backbone amide 
protons. As far as they could be resolved, all of these 
long-range NOEs were observed in the 3D NOESY-'^N- 
HSQC, 3D NOESY-"C-HSQC and 2D NOESY spectra, 
confirming the structural conservation of the OB-domain 
(Supplementary Table SI). 

Independent confirmation of the structural conserva- 
tion was obtained by measuring PCSs generated by para- 
magnetic CI -lanthanide tags attached to residue 65, which 
is located in the center of the alpha-helix (Figure 1) and 
exposed to the solvent. PCSs were measured for 1 1 1 of the 
165 non-proline residues in SSB (Figure 3, Supplementary 
Table S2). Using the PCSs to fit a Ax tensor to the crystal 
structure of SSB resulted in a good fit between back- 
calculated and experimental PCSs (Figure 4A). The 
tensor magnitudes were smaller than expected for rigidly 
attached lanthanides (Supplementary Table S3). It is well 
known that a single effective Ax tensor can only imper- 
fectly represent the range of overlapping Ax tensors 
produced by a mobile tag (35). Therefore, the deviations 
from a perfect correlation between back-calculated and 
experimental PCSs in Figure 4A more Hkely reflect the 
mobility of the lanthanide tag than differences from the 
crystal structure. 

The only NOEs between the C-domain and the OB- 
domain that could be assigned unambiguously were 
between side chain protons of Asp 173 and Val29, and 
Phel71 and Val58 (Figure 5). The large PCSs observed 
for the C-peptide residues (Figure 3B) are in agreement 
with the binding site defined by the NOEs (Figure 4B). 
The C-peptide binding site identified by the NOEs and 
PCSs overlaps with the ssDNA-binding surface of 
SSB. Although the contacts identified by the NOEs are 
hydrophobic, the guanidinium groups of four arginine 
residues are within 8 A of the side chains of these vahne 
residues, whereas only a single carboxyl group (GlulOO) is 
found in the same distance range. Therefore, electrostatic 
attraction between the highly negatively charged 
C-peptide and its positively charged binding site on the 
OB-domain clearly is an important component of the 
interaction. As the binding site remains unobstructed 
in the SSB tetramer, the C-peptide probably binds to the 
same site at neutral pH. 

relaxation analysis 

Measurements of the longitudinal (i?i) and transverse (^2) 
'^N relaxation rates provided striking evidence for high 
mobility of the C-domain (Figure 6). Except for the 
N-terminal few residues that are highly mobile, the i?i 
and i?2 relaxation rates were quite uniform across the 
entire OB-domain, confirming that the domain remains 
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Figure 2. '^N-HSQC spectrum of a 0.5 mM solution of '^N-labeled E. coli SSB at pH 3.4 and 25°C. The cross-peaks of backbone amides are labeled 
with the amino acid type and sequence number. Cross-peaks of side chain NH groups are identified by the Greek characters of the side chain atoms. 



folded at pH 3.4. In contrast, the transverse relaxation 
rates were greatly reduced for residues 112-166, highlight- 
ing the high mobihty of the C-domain in solution, in 
agreement with the narrow chemical shift distribution 
observed for these residues. Notably, the C-terminal 
residues comprising the C-peptide showed enhanced 
longitudinal relaxation rates, and their transverse relax- 
ation rates were comparable with the rates measured for 
the OB-doniain. This result clearly demonstrates that 
the C-peptide associates with the OB-doniain. The 
increased longitudinal relaxation rates of the C-peptide, 
however, show that the association is not entirely rigid, 
either allowing for somewhat enhanced mobihty of the 
C-peptide in the bound state or reflecting an equihbrium 
between the bound and free states. 

The high mobihty of the polypeptide segment linking 
the OB-domain with the C-peptide explains the small 
magnitude of the PCSs in this segment (Figure 3B). 
If the polypeptide chain uniformly sampled the regions 
of positive and negative PCSs, the averaged PCSs would 
be expected to be 0. Owing to the length and flexibility 
of the C-domain, the only restraints to define the pos- 
ition of the C-peptide on the OB-domain are NOEs 
and PCSs of the C-peptide. 



Structure calculations 

To obtain a structural model of the C-peptide in the 
complex with the OB-domain, we used PCS-Rosetta to 
identify a family of C-peptide conformations that fulfil 
the NOEs, PCSs and van der Waals restraints provided 
by the structure of the OB-domain, which was taken from 
the crystal structure lEYG (9). The NOEs were translated 
into distance restraints of 4 A, and the PCSs induced by 
two lanthanide ions, Tb^"'" and Tm^"^, were used to select 
the best-fitting structures from 2500 aU-atom decoys 
calculated by PCS-Rosetta. 

In view of the increased mobihty of the C-peptide 
indicated by the '^^N relaxation data, we also tested the 
hypothesis that the C-peptide is in fast exchange between 
bound and free states, with equal populations of both. In 
this case, the PCSs of the C-peptide in the bound state 
could be up to 2-fold larger than the experimentally 
measured values. Structures computed with 2-fold scaled 
PCS values better define the binding mode of the C- 
peptide. Among the best 20 computed structures, 19 
adopt similar conformations in which the peptide 
occupies the ssDNA binding groove and the C-terminus 
points away from the dimer-dimer interface (Figure 7). 
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Figure 3. PCSs generated by paramagnetic lanthanide tags. (A) Overlay of '^N-HSQC spectra of '^N-labeled SSB E65C/E69D ligated with a CI tag 
loaded with either diamagnetic Y"*^ (black) or paramagnetic Tb^^ (red) or Tm^^ (blue). The spectra were recorded of 0.2 mM solutions of protein at 
pH 3.4 and 25°C at a 'H NMR frequency of 800 MHz. The PCSs of selected residues are identified by lines and labeled with the residue assignment. 
(B) PCS values measured for the backbone amide protons from the spectra shown in (A), plotted versus the amino acid sequence. 




Figure 4. PCSs indicate structural conservation of the OB-domain. (A) Correlation between back-calculated and experimental PCSs for backbone 
amides of '^N-labeled SSB E65C/E69D with CI -lanthanide tags. The PCSs measured with Tb^^+ (red) and Tnr^+ (blue) were used to fit A/ tensors to 
the chain A of the structure lEYG (9), using the same metal position for both lanthanides. The good quality of the correlation indicates that the 
structure of the OB-domain is conserved between the crystal structure of the tetramer and the monomer in solution. (B) Cartoon representation of 
one of the SSB monomers in the tetramer of the crystal structure lEYG (9), displaying the isosurfaces of constant PCS generated by the Cl-Tb tag 
(red surface: — 0.3ppm, blue surface: +0.3ppiTi). The dashed line highlights the distance between the metal ion and the C^ atom of residue 65 to 
which the CI tag is attached. The C-terminus of the OB-domain (Leull2) is identified by a red sphere. The side chains of Val29 and Val58 are shown 
in a stick representation. They are involved in NOEs with residues 171 and 173 in the C-peptide. 



The structures also share a small helical turn, which 
orients the three consecutive aspartate residues 172-174 
for strong electrostatic interactions with the highly posi- 
tively charged ssDNA binding groove of the SSB OB- 
domain. Neither the chemical shifts nor the NOEs of the 
C-peptide, however, showed evidence for regular second- 
ary structure (Supplementary Figure SI), in agreement 
with a reduced population of regular structure by fast 
exchange with unbound random coil conformations. 

Fitting A/ tensors from both lanthanide ions simultan- 
eously to the best scoring structure resulted in a good fit 
between back-calculated and experimental PCSs for all 
structured residues (Supplementary Figure S2). The 
optimized metal ion location is positioned 11.3 A from 
the C" atom of the tagging site, which is in good agree- 
ment with the physical dimension of the CI tag and with 



the distance found by the simple A/ tensor fit to the 
OB-domain (Figure 4). 

DISCUSSION 

Binding mode of the C-peptide on the OB-domain 

The present results show that E. coli SSB forms a 
monomer at pH 3.4 in which the OB-domain maintains 
the structure observed previously for the tetramer. 
Presumably, protonation of carboxylates at the subunit 
interfaces causes dissociation of the tetramer without af- 
fecting the OB-fold. The stabihty of the fold is underhned 
by the fact that the protein could be lyophilized and 
redissolved without change in structure. In contrast, the 
C-domain forms an unstructured highly mobile 
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Figure 5. NOE cross-peaks between the C-peptide and the OB-domain. 
The spectra were recorded of a 0.37 mM solution of '^N/'"^C-labeled 
SSB at pH 3.4 and 25°C at a 'H NMR frequency of 800 MHz. (A) 
Selected spectral regions of a 3D NOESY-'^C-HSQC spectrum taken at 
52('^C) = 38.37 (D173CP) and 19.88ppm (V29C^'). The NOE cross- 
peaks between D173H'' and V29H^ are at the intersection of the 
dashed hues drawn at 5, 3('H) = 2.84 (D173HP'), 2.67 (D173HP^) and 
0.56 ppm (V29H^'). (B) Spectral region of the 3D NOESY-"C-HSQC 
spectrum taken at 52('^C) = 130.50ppiTi (F171C^). The NOE cross- 
peaks between pniH** and V58H^ are at the intersection of the 
dashed lines drawn at 5,('H) = 7.11 (FniH**) and 5,('H) = 0.76 
(V58H^') and 0.52 ppm (V58H^^). The cross-peak between F171H** 
and V58H^" appears to be slightly shifted in the Spdimension 
because of an overlapping NOE cross-peak between F171H^ and 
V29H^ or VIOIH^. (C) A 2D (H)CB(CGCC-TOCSY)H"' spectrum 
correlating the '"'c'' with the aromatic 'H chemical shifts of phenyl- 
alanine residues (28). The dashed hues are drawn at 5i('"'C) = 38.93 
(F171CP) and SjC'H) = 7.11 ppm (FniH**). This spectrum proves that 
the resonances marked by the dashed line belong to Phel71 rather than 
to Phe60, which also produces NOE cross-peaks to Val58. Only one of 
the aromatic signals of Phel71 is well resolved, whereas the others 
overlap with the stronger peaks from Phel47 and Phel77. 

polypeptide chain with a C-terniiiial segment (C-peptide) 
that can bind to the ssDNA binding site of the OB-domain 
and therefore would be expected to compete with ssDNA 
binding. We were able to pinpoint the binding site by 
specific NOEs between the C-peptide and Val29 and 
Val58 of the OB-domain, which are near several positively 
charged arginine residues. Considering the high negative 
charge of the C-peptide, electrostatic attraction undoubt- 
edly is an important component of the interaction. 

A predominantly electrostatic interaction between 
the C-peptide and the OB-domain may explain the diffi- 
culty to define the structure of the bound C-peptide with 
atomic resolution. As electrostatic forces decrease consid- 
erably more slowly with distance than hydrophobic 
or hydrogen-bonding interactions, the binding site may 
accommodate different orientations of the C-peptide 
with similar binding energies, an example of a 'fuzzy' 
interaction (36). Structural disorder of the bound 
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Figure 6. '^N relaxation rates measured of a 0.35 mM solution of '^N- 
labeled SSB at pH 3.4 and 25°C at a 'H NMR frequency of 600 MHz. 
(A) Longitudinal relaxation rates. (B) Transverse relaxation rates. 



N 



C 




Figure 7. Final structures selected from PCS-Rosetta computations. 
(A) Superposition of the lowest scoring structure (red) with a SSB 
monomer from the crystal structure lEYG (blue). The N- and C- 
termini of the OB-domain are labeled as well as residues 169 and 177 
of the C-peptide. (B) Bundle of 10 computed lowest scoring structures 
from PCS-Rosetta simulations. 

C-peptide may be suggested by the failure to detect the 
bound C-peptide in any of the crystal structures of SSBs 
from any organism determined to date. Alternatively, the 
bound state may be only partially populated. Both explan- 
ations, structural disorder and transient interactions, 
would explain the increased mobility of the C-peptide 
relative to the OB-domain provided by the i?i('^N) relax- 
ation rates (Figure 6A) and the scarcity and weak 
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intensities of the NOEs between the C-peptide and the 
OB-domain (Figure 5). In calculating a model of the 
complex between OB-domain and C-peptide, we 
obtained better structural definition of the C-peptide by 
assuming that its PCSs needed to be doubled because the 
bound state is populated only half of the time. Although 
this assumption is arbitrary, using the PCSs at face value 
generated highly disordered structures of the C-peptide. 
Owing to the NOEs with the OB-domain, the C-peptide 
was still at the same site as in Figure 7, but with httle 
definition of its structure or direction of approach to its 
binding site. 

Flexibility of the C-domain and biological implications 

Previous biochemical experiments with C-terminally 
truncated E. coli SSB accumulated strong evidence that 
the C-peptide binds to the OB-domain in competition 
with ssDNA (16-19). Comparison of the C-peptide 
binding site identified in the present study with the 
crystal structure of the complex with ssDNA (9) shows 
that the competition between C-peptide and ssDNA is 
direct. To form the structure of the SSB-ssDNA 
complex, ssDNA has to displace the C-peptide from the 
OB-domain, increasing its availabihty for binding to 
ssDNA processing enzymes as hypothesized a long time 
ago (16). 

In addition, the high flexibility of the polypeptide con- 
necting the C-peptide to the OB-domain and its apparent 
lack of specific binding interactions with the OB-domain 
suggests that, in the tetramer at neutral pH, the C-peptide 
could easily bind to different OB-domains of the tetramer, 
explaining the increased rate of exchange between differ- 
ent SSB monomers in the tetramer of a SSB mutant 
devoid of the C-terminal eight residues compared with 
full-length E. coli SSB (19). These experiments also high- 
hghted the electrostatic character of the C-peptide-OB- 
domain interactions by demonstrating their destabiliza- 
tion in the presence of 1 M ammonium acetate. Clearly, 
binding interactions between different SSB tetramers 
could explain the relatively poor solubihty of SSB at 
neutral pH. At the pH of the present study (pH 3.4), it 
is hkely that some of the carboxyl groups of the C-peptide 
have lost their negative charge, i.e. we expect binding to 
the OB-domain would be stronger at neutral pH. 

Although tetramerization and a different pH could, in 
principle, affect the binding mode of the C-domain to the 
OB-domain, supporting evidence for the importance of the 
C-peptide in organizing the C-domain on the OB-domain 
tetramer arises from the crystal structure of full-length 
E. coli SSB (PDB code IQVC) (12), which seemed to 
have lost its C-peptide by proteolysis during crystallization, 
resulting in different conformations for each of the four C- 
domain segments spanning residues 1 13-145. In agreement 
with a random coil conformation, the C-domain has long 
been known to be highly sensitive to proteolytic digestion 
(16). We find the evidence for extended C-domain segments 
in the IQVC structure to be weak. Reinterpretation of 
the electron density map reveals an error in register of 
the sequence from residue 90 onward in the OB-fold, 
and discontinuous and weak density with no stabilizing 



interactions for any of the residues beyond Glyll4; 
omission from the model of the segments from ArgllS 
onward and correction of the residue alignment resulted 
in a decrease of i?/i?free from 0.247/0.317 (12) to 0.210/ 
0.262 (Supplementary Figure S3). 

CONCLUSIONS 

By defining the binding site of the C-terminal peptide of 
E. coli SSB on the OB-domain, the present study strongly 
suggests that competition between ssDNA and the C- 
peptide is direct. The binding site confirms previous 
results indicating that electrostatic interactions play an 
important part in the C-peptide-OB-domain interaction. 
By populating a large conformational space, the intrinsic- 
ally disordered C-domain is capable of interacting with 
different SSB monomers in the tetramer as well as with 
different tetramers, which could contribute to the reported 
cooperativity effects of ssDNA binding (37). Conceivably, 
the flexibihty of the C-domain also facilitates capture of 
the multitude of proteins that bind to the C-peptide. 
Although the present studies were conducted at low pH 
to produce a monomeric state suitable for NMR analysis, 
the structural results are in excellent agreement with 
pubhshed biochemical data obtained for the SSB 
tetramer at neutral pH. 
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